Geothermal systems emit substantial amounts of aqueous, gaseous and methylated 31 mercury, but little is known about microbial influences on mercury speciation. Here we 32 report results from genome-resolved metagenomics and mercury speciation analysis of 33 acid warm springs in the Ngawha Geothermal Field (<55 °C, pH < 4.5), Northland Region, 34 Aotearoa (New Zealand). Our aim was to identify the microorganisms genetically equipped 35 for mercury methylation, demethylation, or Hg(II) reduction to volatile Hg(0) in these 36 springs. Dissolved total and methylated mercury concentrations in two adjacent springs 37 with different mercury speciation ranked among the highest reported from natural sources 38 (250-16000 ng L -1 and 0.5-13.9 ng L -1 , respectively). Total solid mercury concentrations 39 in spring sediments ranged from 1273 to 7000 µg g -1 . In the context of such ultra-high 40 mercury levels, the geothermal microbiome was unexpectedly diverse, and dominated by 41 acidophilic and mesophilic sulfur-and iron-cycling bacteria, mercury-and arsenic-resistant 42 bacteria, and thermophilic and acidophilic archaea. Integrating microbiome structure and 43 metagenomic potential with geochemical constraints, we constructed a conceptual model 44 for biogeochemical mercury cycling in geothermal springs. The model includes abiotic and 45 biotic controls on mercury speciation, and illustrates how geothermal mercury cycling may 46 couple to microbial community dynamics and sulfur and iron biogeochemistry. 47 62
48

IMPORTANCE 49
Little is currently known about biogeochemical mercury cycling in geothermal systems. 50
This manuscript presents an important new conceptual model, supported by genome-51 resolved metagenomic analysis and detailed geochemical measurements. This work 52 provides a framework for studying natural geothermal mercury emissions globally. 53
Specifically, our findings have implications for mercury speciation in wastewaters from 54 geothermal power plants and the potential environmental impacts of microbially and 55 abiotically formed mercury species, particularly where mobilized in spring waters that mix 56 with surface-or ground-waters. Furthermore, in the context of thermophilic origins for 57 microbial mercury volatilisation, this report yields new insights into how such processes 58 may have evolved alongside microbial mercury methylation/demethylation, and the 59 environmental constraints imposed by the geochemistry and mineralogy of geothermal 60 systems. 61
Introduction
Materials and Methods 114
Site description 115
The Ngawha Geothermal Field (NGF) constituted the field site for investigating Hg cycling 116 in a low pH (<4.5), elevated Hg (>100 ng L -1 ), and sulfide-rich (>0.1 mg L -1 ) environment 117 ( Figure S1 ). Mercury ore deposits in the NGF occur as cinnabar, metacinnabar and native 118 Hg(0) in association with active hot springs, fumaroles, and mud pools (31). Elemental Hg 119 (mainly gaseous Hg(0)), travels from deep geological sources to the surface, either in 120 hydrothermal fluids or geothermal gases, where it reacts with oxygen in presence of 121 chloride to form Hg(II); Hg(II) in turn reacts with dissolved sulfide (biogenic) to precipitate 122 cinnabar (32). Roughly 33,000 kg of cinnabar ore was mined from the Tiger Springs area 123 at Ngawha during the first half of the 20th century (31). Tiger Springs and other areas 124 within the NGF still host an active geothermal system that releases approximately 530 kg 125 of HgT annually, ~44% of which is thought to be emitted to the atmosphere (32). The 126 remaining Hg resides in the local surficial waters and sediments (32). Cinnabar 127 precipitation was confirmed by X-ray diffraction analysis of Tiger Springs sediments and 128 nearby topsoil (Fig. S2) . 129 130
Sampling techniques 131
Several springs from three areas, Tiger Springs (TS), Ginn Ngawha Spa (GN), and Ngawha 132 Springs Baths (NS), were sampled in April and October of 2011. Many of the springs were 133 edged with boards for use as soaking baths. Water samples for Hg analyses were filtered 134 through 0.45 µm membrane syringe filters, preserved with 1% v/v reagent grade HCl, and 135 stored in acid-washed HDPE bottles in the dark. Filtered water samples (0.45 µm) for anion 136 analysis were stored in sterile 50 mL plastic Falcon tubes. All filtered samples were stored 137 at 4°C. Redox potential (mV) and pH measurements were taken at each sampling site using 138 an Orion Model 250A portable meter with a glass pH electrode; spring water temperature 139 measurements were also taken at the time of sample collection. Sediment samples were 140 collected from the floor or wall of each spring, as well as from bulk water samples, into 141 sterile 50 mL Falcon tubes. Using sediments collected on the bottom of the boarded spring 142 bath and suspended in water allowed us to capture a mix of aerobic and anaerobic members 143 of the microbial community, as well as those that live across a range of temperature 144 gradient from the cooler waters (<45 °C) to the hotter sediments (>55 °C). Samples were 145 stored on ice for ~4 days until they could be transferred to laboratory storage at -80 °C (i.e. Prior to analysis, SnCl2 solution was added to the vials which reduced the Hg(II) species 159 to volatile Hg(0). The samples were then ethylated, purged with argon gas, and analyzed 160 by GC (using Brooks Rand Autosampler and Total-Hg Purge and Trap system) in tandem 161 with atomic fluorescence spectrometry. Methylmercury analysis of filtered waters was 162 determined by distillation, gas chromatography separation, and speciated isotope dilution 163 mass spectrometry using ICP-MS, following USGS Method 01-445 and WMRL standard 164 protocols (33). Four blanks and two duplicate spikes were included in each run for quality 165 assurance. Method detection limits for total and methylated mercury were 0.007 ng, and 166 0.03-1.2 ng L -1 , respectively (depending on the dilution factor required for each sample). 167 168 Sediment samples (~5 g wet weight) were freeze-dried overnight on a Heto-Drywinner 169 vacuum system before shipment in sterile glass vials to the WMRL. For solid HgT analysis, 170 freeze-dried samples were digested with 3:1 HCl:HNO3 overnight in a Teflon vessel. The 171 digested sample was then oxidized with BrCl solution. Total Hg analysis was then 172 performed by the same procedure as for filtered water. The detection limit for the solid HgT 173 analysis was 0.2 ng. Field blanks for Hg analyses were prepared using ultrapure reaction 174 grade water spiked with 1% v/v ultrapure HCl stored in each type of sampling material 175 until analysis. The HgT and MeHgT values for field blanks were 0.32 ng L -1 and 0.57 ng L -176 1 , respectively. 177 178
Hg(0) analysis 179
Vapor samples were collected in October 2011 at a height of 5-10 cm over Tiger and Cub 180 Baths (Tiger Springs area) on SKC Anasorb Sorbent tubes (Model C300). These sorbent 181 tubes are typically used to measure passive exposure to mercury in industrial settings (34, 182 35). Flow rate (2 L min -1 ). The volume of air sampled was regulated using an SKC Sample 183
Air Pump (PCXR4). Gas samples were passed through a soda lime trap before collection 184 on the hopcalite sorbent to trap excess condensation and neutralize acid. Once used for 185 sampling, sorbent tubes were sealed with Teflon tape and sent to ChemCentre (WA, 186 Australia) to be analyzed per NIOSH Method 6009. The sorbent material was dissolved 187 and oxidized in 1:1 HNO3:HCl. This solution was then diluted with DI water, and 188 immediately before analysis on a cold vapor atomic absorption spectrometer (CVAAS), 189 10% SnCl2 was added to reduce all Hg(II) to Hg(0). This Hg(0) was then purged into the 190 CVAAS analyzer (detection limit = 0.01 µg) in an argon gas stream. Sampling of Tiger 191 and Cub Baths was performed under similar conditions. First, a blank Anasorb tube was 192 exposed to ambient levels of Hg (unsealed, with no air pumped through). An additional 193 blank, that remained sealed, was also included in analyses. Blank samples were below the 194 method detection limit (<0.01 µg). Samples taken from the same site, with varying pump 195 times (20-30 minutes) did not yield similar adsorbed Hg concentrations. A positive 196 correlation between total Hg adsorbed versus volume of air pumped through the adsorbent 197 trap (r 2 =0.976, n =4), indicated that saturation of the adsorbent was not reached. 198
199
Common ion analysis 200
Common anion concentrations (F -, Cl -, Br -, NO3 -, SO4 2-) were measured in unacidified, 201 filtered water samples collected in April 2011, using a Dionex DX-120 ion chromatograph 202 with an IonPAC As14 column (4 x 250 mm) in the Department of Chemistry at The 203 University of Melbourne. Samples were stored in the dark at 4 °C for 4 months between 204 sample collection and analysis. The instrument was set to the following conditions: 1.4 mL 205 min -1 flow rate, the eluent was 4.8 mM sodium carbonate and 0.6 mM sodium bicarbonate, 206 with an injection volume of 25 µL. Chromatographs were viewed on PeakNet Run System 207 I software. Method detection limit for IC analyses was 0.0005 mg L -1 . Determination of 208 sulfide in water samples was performed on filtered water samples prepared in the field for 209 analysis in October 2011 using the Methylene Blue Method (36) and the Hach DR 2800 210 spectrophotometer (Method 8131). Total Fe was measured in filtered, acidified water 211 samples collected in October 2011 using the Ferrozine method (37), with prepared reagents 212 coordinating to Hach Method 8147. Method detection limit for sulfide measurements was 213 0.02 mg L -1 and for Fe measurements was 0.5 mg L -1 . The samples had been stored in the 214 dark at 4°C prior to analysis. Sample blanks were prepared at time of sample collection, 215 using MQ water. 216
DNA extraction 218
DNA was extracted from sediments collected from Tiger (TS1) and Cub (TS2) Baths and 219 surrounding sites (TS3-TS5) in October 2011 using the MO-BIO PowerMax DNA 220 Isolation Kit, using an alteration to the manufacturer's protocol. Approximately 5 g of 221 sediment was used for extraction. Sediments were first treated with 5 mL of 10 mM TrisCl 222 (solution C6), the samples were then centrifuged at 6,000 g for 5 minutes and the 223 supernatant was decanted. Then, bead solution C1 was added, and the alternative lysis 224 method in the protocol was followed, which replaces the 10-minute bead-beating step with 225 incubation in a water bath at 65 °C for 30 minutes, followed by vortexing the sample for 1 226 minute (38). This alternative lysis method was used to reduce shearing of the DNA. 227
Duplicate DNA extractions were performed to ensure a sufficient mass of DNA was 228 extracted for each sample. Replicate DNA extractions were concentrated onto the same 229 spin filter and cleaned using QIAquick PCR purification kit (Qiagen, California). 230
231
Metagenomic analysis 232
Approximately 113-216 ng of genomic DNA extracted from samples collected in October 233 2011 (TS1A and TS2A) was barcoded by sample and prepared for sequencing with the 234
Nextera®XT kit, and ten samples were run on a single lane of an Illumina® HiSeq 2500 235 with 2 x 100 bp paired-end sequencing (Australian Genome Research Facility, Melbourne, 236 AU). This produced ~9 giga-bases of sequence data for two Ngawha metagenomes, Tiger 237 Bath (NW1) and Cub Bath (NW2), out of 43 giga-bases for all ten samples (Table S1) . 238 Sequences were binned by bar code, quality filtered, and trimmed to remove Illumina® 239 adapters using Trimmomatic (39). Metagenomes were examined after assembling short 240 reads into longer contigs with IDBA-UD (40). Assembled contigs were uploaded and 241 binned for analysis using ggKbase, and have been made publicly available 242 (http://ggkbase.berkeley.edu/). 243 244
Detection of Hg cycling genes in metagenomes 245
The metagenomic read sets were screened directly for sequences sharing homology with 246 hgcA and hgcB, using a hidden Markov model (HMM) method described previously (41). 247
Metagenomic read sets were also screened directly for sequence homology with merA, 248 using an HMM-search built previously (41). Assembled metagenomic sequences were 249 searched for mer-operon, hgcA and hgcB genes using ggKbase. Genes were annotated in 250 ggKbase by BLAST searches against the NCBI database (42). Multiple merA sequences 251 were extracted from ggKbase, translated to amino-acids using the bacterial translation 252 
Genomic binning and phylogenetic analyses 256
Genomic binning of metagenomic data was performed using ggKbase, based on scaffold 257 coverage, GC content of scaffold sequences, and common taxonomy of the contigs. Bins 258 were further refined with emergent self-organizing mapping (ESOM) (45). Scaffold 259 coverage was calculated using Bowtie2 to map reads to the assembled sequences (46). 260
Genome completeness was estimated from the presence of bacterial single copy genes (51 261 in total) or archaeal single copy genes (38 in total) (Table S2 ). Several bins, 262 NW1_Thermoplasmata_unknown_1, NW2_Desulfurella_acetivorans_33_49, and 263
NW2_Rhodospirillales_68_7, are likely multi-genome bins that could not be refined to 264 single genomes from coverage and average GC splits. Information regarding genomic bins 265 for each metagenome, as well as unbinned scaffolds, is provided in Table S2 . Taxonomy 266 was assigned to the metagenome-assembled genomes based on consensus classification of 267 contigs. There are 34 ribosomal proteins considered universal among bacteria, archaea, and 268 eukaryotes, and which can be used to infer phylogeny (47). In this study, we used ribosomal 269 protein s3, a single-copy gene present in every genomic bin from this study, to compare 270 phylogenies and coverage across each metagenome-assembled genome. Ribosomal protein 271 sequences were pulled from ggKbase and then aligned to translated ribosomal protein s3 272 sequences from the NCBI non-redundant protein database. 273
274
Hg cycling genes from publicly available hot spring metagenomes 275
To compare Hg-cycling genes from NGF to those of other geothermal settings, assembled 276 metagenomes from Yellowstone National Park (YNP) were searched for hgcA (Table S3 ) 277 and merA genes (Table S4 ). Included in the phylogenetic analysis were HgcA protein 278 sequences extracted from YNP metagenomic datasets (https://img.jgi.doe.gov) (Table S3) . 279 Sequences were obtained by querying all assembled hot spring metagenomic datasets for 280 sequences sharing homology to carbon monoxide dehydrogenase (pfam03599). HgcA 281 proteins share homology with carbon monoxide dehydrogenases and are often mis-282 annotated as such in microbial genomes (17). HgcA sequences were differentiated from 283 carbon monoxide dehydrogenases using the HMM model described above, with an 284 inclusion value cut-off of 1e-7, and only sequences that included the conserved cap-helix 285 region of HgcA were kept for analyses. Out of a total of 234 hot spring metagenomes (of 286 which 216 were from YNP springs) searched (as of July 2016) there were 4,520 matches 287 to sequences annotated as carbon monoxide dehydrogenases (pfam03599) (2,148 in YNP 288 metagenomes). Of these sequences, 102 were identified as HgcA sequences from 18 289 different metagenomes (Table S3 ). Included in the phylogenetic analyses were 65 HgcA 290 sequences found in 15 YNP metagenomes. The hgcA genes were found in YNP 291 metagenomes sampled from four sites: Mushroom Springs (Gp0111644-45, Gp0057794), 292
Octopus Springs (Gp0057360, Gp0057796, Gp00111632, Gp0111634, Gp0111638, 293 Gp0111642, Gp0111646), Obsidian Pool (Gp0056876), and Fairy Spring (Gp0051404). 294
Environmental metadata were only provided for a small number of these metagenomes. 295
Sequences from Fairy Geyser Spring (Gp0051404) are from an alkaline (pH: 9-9.2) and 296 mesophilic (33.3-36 °C) phototroph-dominated mat, while sequences from Mushroom 297 Spring (Gp0111644-45, Gp0057794) were from the undermat layer (~3-5 mm) of an 298 anoxygenic and phototrophic microbial mat in an effluent channel of the alkaline bath. The 299 water above the mat had a recorded temperature of 60 °C (48). A separate metagenomic 300 study has reported temperature and pH measurements for Mushroom Spring (60 °C; pH, 301 8.2), Obsidian Pool (56 °C; pH, 5.7), and Octopus Spring (80 -82 °C; pH, 7.9) (49). The 302 additional 37 hgcA sequences were from assembled metagenomes sequenced from Dewar 303
Creek Spring (77 °C; pH, 8.0) and Larsen North spring, in British Columbia, Canada (50). 304
305
RESULTS 306
Water and sediment chemistry 307
Chemical and physical data for each spring are shown in Tables 1 and 2. Chloride 308 concentrations exceeded 400 mg L -1 in all springs except Cub Bath (TS2) at 29.8 mg L -1 . 309 Across the NGF, sulfate concentrations varied from 9.3 -1200 mg L -1 , with the highest 310 concentrations found in springs of pH < 4 (Table 1 ). In Tiger Springs, Cub Bath had the 311 lowest sulfate concentration (319 mg L -1 ), while the other TS sites were > 1000 mg L -1 . 312 Sulfide concentrations were nearly 3.5x higher in Cub Bath (6.45 mg L -1 ) than in Tiger 313 Bath (TS1) (1.82 mg L -1 ). The total iron concentration in Tiger Bath (12.7 mg L -1 ) in 314
October 2011 was twice that of Cub Bath (6.06 mg L -1 ). 315 316 Total Hg and MeHgT measurements of filtered waters from NGF hot springs sampled in 317
April 2011 are shown in Table 2 . In comparison to background levels for freshwater 318 systems, HgT was relatively high at ~250 -16,000 ng L -1 , compared to 0.4 -74 ng L -1 for 319 non-geothermal lakes, and 1 -7 ng L -1 for rivers and streams (51). Non-thermal waters in 320 the Ngawha region are reported to contain 300 -500 ng L -1 Hg (32). Previously reported 321 values for dissolved Hg in NGF thermal waters range from 1,000 -350,000 ng L -1 (32). In 322 this study, the highest levels of HgT were found in the Tiger Springs region (all > 1000 ng 323 L -1 ) and from Cinnabar Bath (GN1) in the Ginn Ngawha Spa (1460 ng L -1 ) ( Fig. S3 ). 324
Methylmercury levels ranged from 0.5 -14.0 ng L -1 ; however, elevated concentrations of 325
MeHgT did not correlate with higher HgT concentrations.
Concentrations of HgT and 326
MeHgT in filtered water samples from NGF were compared to reference values (Table 2) . 327
MeHg levels in filtered water samples from YNP were substantially lower than those 328 observed at NGF, with most YNP springs having concentrations below the detection limit 329 (0.013 ng L -1 ). Those with detectable MeHg were still relatively low at 0.026 -0.080 ng 330 L -1 (5). Only three sites sampled in the NGF exhibited a significant proportion of HgT as 331
MeHg (~1% v/v): Cub Bath (TS2), Kotanitanga Bath (NS1B), and a drainage pool adjacent 332 to Kotanitanga Bath (NS3B). Methylmercury levels were nearly an order of magnitude 333 greater in Cub Bath (TS2) than in Tiger Bath (TS1), even though the total mercury levels 334 were roughly the same (~1000 ng L -1 ). 335 336 Sediments collected from the Tiger Springs area in October 2011 were analyzed for HgT 337 (Table 2) . Total Hg concentrations were highest in the hole adjacent to Tiger Bath (TS3) 338 at ~7000 µg g -1 . Tiger Bath (TS1) sediments had about half the solid HgT of TS3, at 3467 339 µg g -1 , and Cub Bath sediments had about a third the solid HgT of Tiger Bath (1274 µg g -340 1 ). Gaseous Hg 0 emissions were also recorded from the baths ( Table 2) . The Hg(0) 341 concentration measured above Tiger Bath (25.0 ng L -1 ) was greater than that of Cub Bath 342 (4.34 ng L -1 ), but also varied across the bath (4.38 -25.0 ng L -1 ). Furthermore, these values 343 are an order of magnitude lower than previously reported concentrations of fumarolic 344
Hg (0) Bath metagenomic datasets; with the average coverage of scaffolded contigs within 358 genome bins ranging from 7.1 -789x ( Fig. 1 ; Table S2 ). The highest coverage bins in each 359 bath were related to Acidithiobacillus, Thermotogales and Thermoplasma (Fig. 1) . 360 361 Genome bins were comprised of aerobes, as well as obligate and facultative anaerobes, 362 capable of sulfur oxidation (Acidithiobacillus spp., Thiomonas), sulfur reduction 363
(Desulfurella acetivorans, Granulicella mallensis), iron oxidation (Ferroplasma, 364
Acidithiobacillus ferrivorans), iron reduction (Acidobacterium capsulatum), methane 365 oxidization (Methylacidiphilum), and acetate oxidation (Desulfurella acetivorans) (Fig. 2) . 366
To elucidate important biogeochemical links to Hg cycles mediated by these microbial 367 phylotypes, metagenomes were searched for genes encoding for Hg, sulfur, sulfate, and 368 methane cycling (Fig. 2 ). We note here that genes involved in methanogenesis (notably 369 mcrA) and methane oxidation (pmoA) were nearly absent from metagenomes (Fig. 2) . 370
Mer operon 372
Assembled metagenomes were screened for genes belonging to the mer operon that encode 373 for mercuric reductase (merA), organomercurial lyase (merB), a periplasmic protein 374 (merP), and inner membrane proteins involved in Hg(II) transport (merT, merC, merE, 375 merF, merG), as well as one or more regulatory proteins (merR, merD) (13). At Ngawha, 376 scaffolded mer genes were often encoded in the higher coverage genome bins of each bath, 377
Acidithiobacillus spp., Thiomonas, and Thermotogae (Table S5 ; Fig. 2 ). The coverage of 378 mer scaffolds ranged from 3.9 -836x, with scaffold lengths of 1,021 -101,352 bp, 379
indicating that a significant number of reads mapped to each sequence. A high fraction of 380 reads (3.24E-04 -1.94E-04, Table S1) S6 ). The merB gene from Tiger Bath (NW1_scaffold_113) was linked to a genome 401 bin identified as Acidithiobacillus caldus, with an average scaffold coverage of 750x (Table  402 S5). The same scaffold (NW1_scaffold_113) contained two merR genes that were 403 convergent and divergent, respectively to mer genes that encode for MerT, MerP, and 404
MerA. The merB gene from Cub Bath (NW2_scaffold_17399) was most closely related to 405 merB from Thioalkavibrio spp.; however the scaffold itself was unbinned, with an overall 406 taxonomic identification of Acidithiobacillus ferrivorans (Table S5 ). The scaffold also 407 contained merR and merA genes related to Acidithiobacillus ferrivorans (WP_035195121). 408
The translated organomercurial lyases (MerB) from Tiger and Cub Baths aligned to 409 conserved cysteines(53), indicative of their true functionality ( Fig S7) . Thermoplasmatales archaeon DG-70-1 is from a thermophilic phylum (Thermoplasmata); 447 however, this strain was isolated from an anaerobic, moderately halophilic, and mesophilic 448 aquatic environment (55), rather than a geothermal spring. 449 450 A high fraction of reads from each metagenome aligned to hgcB sequences from known 451 and predicted methylators (2.08E-06 -3.02E-06; Table S1 ). However, BLAST analysis of 452 the translated hgcB-like genes resulted in closest matches to ferredoxin-encoding gene 453 sequences in both Tiger and Cub Bath. To differentiate between other ferredoxin proteins 454 and HgcB homologues, the translated hgcB-like genes were searched for the conserved 455 Planctomycetes; a copper-binding protein related to Aquificae; and a putative 464 transcriptional regulator related to ArsR repressor, and an arsenical pump membrane 465 protein (ArsB), both related to Firmicutes (Fig. S9 ). 466
Biological sulfur species cycling in Tiger and Cub Baths 468
The availability and speciation of sulfur compounds within geothermal environments 469 constrains the strategies employed by microorganisms to deal with Hg in these ecosystems. 470
For example, Hg methylation is impeded in ecosystems with elevated aqueous sulfide 471 concentrations (56). Conversely, the availability of soluble Hg to microorganisms is limited 472 by the solubility and/or microbially-mediated dissolution of cinnabar/metacinnabar (57). 473
To elucidate these interactions, the Cub and Tiger Bath metagenomes were searched for 474 genes related to dissimilatory sulfite/sulfate reduction using dsrAB genes that encode Rokubacteria CSP1-6 (60); the sequence was distinct to DsrA from Group IV and is from 497 genomic bin NW2_Planctomycetes_54_12 (Table S6 ). The DsrAB phylogenies as 498 represented in Fig. 5 agree with the phylogenetic annotations of the scaffolds from which 499 the genes were obtained (see Table S6 ). Importantly, while there is evidence for bacterial Acidithiobacillus spp. and Thiomonas spp. (Fig. 2 ; Table S7 ). Furthermore, sequences from 508 archaeal and bacterial sox pathways, including from acidophiles Acidiphilium and 509
Acidocella, were present in the unbinned metagenomic data (Table S7) . 510 511 DISCUSSION 512
Geothermal systems provide an environment in which relationships between the chemical 513 and physical processes controlling Hg speciation and bioavailability, and microbial Hg 514 transformations (4, 7), remain poorly understood. Temperature and pH constitute major 515 drivers of microbial diversity in geothermal springs, with pH contributing to a greater 516 extent (61, 62). Indeed, previous studies show that acidic geothermal spring communities 517 appear quite distinct from those of neutral and alkali springs, irrespective of temperature 518 (61, 62). In our study, despite their mutual close proximity and broadly similar 519 physicochemical properties and dissolved total Hg concentrations, the Tiger and Cub Baths 520 of the NGF hosted very distinct microbiomes (Fig. S10 ). The greater diversity in genomic 521 bins representative of the Cub Bath microbiome, compared to Tiger Bath (Fig. 1) , may 522 have promoted Fe and S redox cycling to a greater extent, which in turn could facilitate the 523 dissolution of metal sulfides such as pyrite or cinnabar. Subsequently, this dissolution 524 could have increased the bioavailability of Hg(II) for hgcAB+ equipped microorganisms, 525 by oxidizing reduced S and increasing dissolved Hg(II), respectively (Fig. 6) . 526 NGF genomes featured similar metabolic capabilities to those recovered from AMD. The 528 oxidation of reduced sulfur species by both aerobic and anaerobic chemolithotrophic 529 microorganisms produces electrons utilized in respiration and CO2 assimilation (63), 530 critical processes for living in AMD and/or geothermal systems (63, 64). Dominant 531 members of the Tiger Springs' communities, Acidithiobacillus spp. and Thiomonas spp., 532 can utilize various metal and sulfur-oxidizing enzymes, pathways, electron transport 533 mechanisms, and substrates (63) to sustain activity. Acidithiobacillus ferrivorans is an 534 obligate chemolithoautotroph and facultative anaerobe that oxidizes Fe(II); some strains 535 are also able to utilize sulfur, thiosulfate, tetrathionate, and pyrite (65). Acidithiobacillus 536 ferrooxidans can utilize metal sulfides to support growth (63), and Acidithiobacillus caldus 537 is also capable of oxidizing reduced inorganic sulfur species, producing sulfate via the sox 538 pathway (66). A number of other NGF genome bins, including several associated with 539
Thermoplasma and Thiomonas spp., were equipped to respire using either sulfur or organic 540 carbon (30), and Thiomonas can also oxidize arsenite (As(III)) to arsenate (As(V)) (67). 541
The Thiomonas-like genome bin from Cub Bath showed evidence for the presence of both 542 sox and arsenite oxidase pathways ( Figure S2 ). 543
544
The microbiomes of Tiger Springs were also similar to those found in AMD with respect 545 to stress resistance/response mechanisms for acid and heavy metals (e.g., (30, 68)), 546 featuring mechanisms for pH homeostasis, for example. The highest genome coverage in 547 each bath was associated with Acidithiobacillus caldus, a microorganism equipped with 548 multiple heavy metal resistance pathways (ars, mer, czc, and Te R ). The mer genes in Tiger 549
Spring metagenomes were predominately found in aerobic bacterial and archaeal genome 550 bins ( Fig. 2; Table S5 ), particularly the mesophilic acidophiles Thermoplasma and 551 Acidithiobacillus (Fig. 3 ). This finding was in sharp contrast to the diversity of merA genes 552 in YNP metagenomic datasets, which were principally from archaeal taxa (e.g. MerA homologues detected in acid springs increases with decreasing temperature (from 562 >73 ºC to <55ºC). Thus, the lower temperatures at NGF may explain the presence of a 563 larger number of bacterial MerA homologues. Second, bacterial taxa are also known to be 564 rare in higher temperature (>65 °C) acid (<pH 4) geothermal ecosystems (69, 70). Thus, 565 the minimal distribution of bacteria with mer genes was most likely a function of low 566 thermophilic acidophile diversity, rather than the absence of a taxonomic capacity to 567 transform Hg. 568 569 A notable feature of Cub Bath was the higher percentage of HgT present as MeHgT, 570 compared to Tiger Bath. We speculate that this finding reflects a greater degree of 571 microbially-mediated turnover of aqueous Hg(II) to MeHg in the former spring. However, 572 the difference in MeHg levels between the baths could also be indicative of higher 573 demethylation rates in Tiger Bath compared to Cub Bath. While merB genes were 574 identified in both baths, the sequencing coverage of merB scaffolds was higher in Tiger 575 Bath (836x) compared to Cub Bath (18x) ( Table S5 ). While abiotic methylation in 576 geothermal waters is not yet well understood (71), such processes are not likely to account 577 for the higher MeHg levels in Cub Bath relative to Tiger Bath. Furthermore, NGF MeHg 578 values were 1-2 orders of magnitude greater than values recorded at some YNP hot springs 579 (5, 6). An analysis of NGF metagenomes found that hgcA and hgcB genes were only 580 detected in Cub Bath and not Tiger Bath. Cub Bath Hg methylation genes are most likely 581 bacterial, belonging to a sulfate-reducing clade closely related to Firmicutes and 582 Deltaproteobacteria, possibly from the Nitrospirae (Fig. S9 ). Microbial Hg-methylation via 583 active sulfate-reducing microorganisms is consistent with the greater observed amount of 584 MeHg (~1.3% of dissolved total Hg) alongside higher concentrations of reduced sulfur 585 (3.5x) in Cub Bath. Of particular note was an hgcAB+ sulfate-reducing bacterium in Cub 586
Bath metagenome (NW2_unbinned) that may represent a novel acidophilic Hg methylator 587 equipped with heavy metal resistance. This genome encoded hgcA and hgcB on a scaffold 588 with a putative copper chaperone (HMA/CopZ), arsenical resistance operon repressor 589 (ArsR), and arsenical pump membrane protein (ArsB) (Fig. S9 ). There are few reports of 590 arsenate reduction by sulfate-reducing bacteria (72), although putative ars genes have been 591 found in several species of Desulfovibrio, Desulfosporosinus, Desulfomicrobium, and 592
Desulfotalea. Genomes of known, predicted, and non-Hg-methylating bacteria and archaea 593 were searched for homologous proteins to those encoded on NW2_scaffold_10600 (Table  594 S8). Notably, ArsR family transcriptional regulators are encoded directly upstream to 595
HgcA in Desulfovibrio desulfuricans ND132 (DND132_1054) and Desulfomicrobium 596 baculatum (Dbac_0377). While homologous ArsR proteins are common in genomes 597 containing HgcA (Table S8) , no genomes encode all of these proteins, although several 598 genomes of known and predicted methylators encode for copper chaperones and arsenic 599 resistance proteins, providing a measure of confidence in genome binning results. Notably, 600 three homologous proteins are encoded in the genomes of Desulfosporosinus spp., often 601 found in sulfate-rich, heavy metal-contaminated, low pH environments (73), and 602
Desulfosporosinus acidiphilus, with an optimum growth pH of 3.6 -5.5, was the first 603 acidophile observed to methylate Hg (18). Therefore, we infer that the Cub Bath bacterium 604 is likely a similar taxon capable of both Hg-methylation and As(V) reduction. 605
606
One of the strongest influences on Hg speciation and bioavailability (for methylation or 607 volatilization) in acidic sulfidic hot springs is the formation and dissolution of cinnabar 608 (HgS(s)), which in turn is impacted by the activity of sulfur-and iron-oxidizing 609 microorganisms (5, 32, 56, 74, 75). A previous study (32) identified HgS(s) as the most 610 abundant and widespread Hg-bearing mineral in the Ngawha region, an observation we 611 confirmed by XRD analysis from a topsoil sample in the Tiger Springs area (Fig. S2) . The 612 observed physicochemical conditions in Tiger and Cub Baths were on the cusp of HgS(s) 613 formation/dissolution, at pH 2-3 and pH > 4 (76). Thus the bioavailability of Hg(II) in the 614 acid warm springs of the NGF reflected Hg solubility in the context of sulfur speciation 615 and acidic conditions (56, 57). In aerobic sediments, sulfur-and iron-oxidizing bacteria 616 and archaea may enhance the dissolution of cinnabar and increase Hg(II) bioavailability. 617
Like sulfide, chloride can also affect Hg bioavailability to methylating microorganisms; 618 methylation rates have been shown to correlate inversely with increasing chloride (Cl -) 619 concentration (77, 78). Chloride concentrations in Cub Bath were higher than those of 620 typical freshwaters (0.82 mM), and in combination with low pH, could have decreased net 621
Hg methylation rates without impacting the viability of methylating microorganisms (77). 622
Other factors that may influence Hg bioavailability include dissolved organic material 623 suggests that most of the microbially-reduced Hg(II) remains dissolved, and potentially is 634 continuously cycled between Hg(0) and Hg(II) redox states. Advective mixing of anoxic 635 and oxic waters would also promote Hg cycling and exchange between aerobes and 636 anaerobes, and likewise mer-equipped and hgcAB-equipped microbes, in the acid warm 637 springs (Fig. 6) . 638 639 While acidophilic microbial mats in YNP have been shown to accumulate MeHg and may 640 actively methylate Hg (5, 6), the relative difference in pH between the two NGF springs is 641 minimal, and therefore unlikely to account for the difference in recovery of hgcAB genes. 642
An alternative explanation may be found in the Hg(T) concentration in the sediments of 643 both springs. The total solid Hg concentration in Tiger Bath was nearly three times higher 644 than that of Cub Bath (3467 µg g -1 and 1274 µg g -1 respectively). Similarly, a small nascent 645 hot spring located adjacent to Tiger Bath (TS3) had extremely high concentrations of both 646 total dissolved and solid Hg (16,700 ng L -1 and 7000 µg g -1 respectively). Taken together, 647 these observations suggest that the area immediately adjacent to Tiger Bath is a highly 648 localized Hg "hotspot", with elevated Hg levels selecting for microbial genomes encoding 649 for Hg resistance. Hg methylation capability apparently does not confer Hg(II) resistance 650 (82), and with the exception of two Geobacter spp., mer operon genes appear to be absent 651 in genomes of known hgcAB + microorganisms (14, 27). These observations are further 652 corroborated by spike-in experiments in river water sediments that showed microbial Hg 653 methylation was inhibited by Hg concentrations as low as 15.3 µg g -1 (24). Another 654 plausible control on Hg methylation in the two baths may have been temperature, which 655 was recorded as nearly 10°C different between baths during each sampling season (Table  656 2). Similar differences in temperature were recorded in the sediments (Tiger Bath at 51.1-657 68.6°C and Cub Bath at 43.5-60.3°C). Principal component analysis of covariance 658 between geochemical parameters measured in all springs across the NGF (Tables 1 and 2)  659 indicates an inverse relationship between MeHg and spring temperature ( Figure S11 ). 
